Background: Epigenetic mechanisms have been reported to play key roles in osteoarthritis (OA) development. P300/CBP-associated factor (PCAF) is a member of the histone acetyltransferases, which exhibits a strong relationship with endoplasmic reticulum (ER) stress and transcription factor nuclear factor kappa B (NF-κB) signals. Salidroside, a natural histone acetylation inhibitor, showed its anti-inflammatory and anti-apoptotic effects in lipopolysaccharide (LPS)-stimulated microglia cells in our previous study. However, whether Sal has a protective effect against OA remains unknown, and its relationships to PCAF, NF-κB, and the ER stress pathway should be explored further.
Introduction
With the combined effects of ageing and increasing obesity in the global population, the number of patients with degenerative osteoarthritis (OA) has reached 250 million; thus, OA may lead to significant socioeconomic problems. OA is a general degenerative disease, and the main symptoms are pain and joint disability among the elderly [1 , 2] . It is characterized by progressive injury of articular cartilage, subchondral bone remodeling, and synovitis [1] . Previous studies indicated that various factors contribute to the development of OA, including aging, obesity, trauma, and congenital anomalies [1 , 3] . Although the exact pathogenesis of OA remains unknown, it is widely acknowledged that inflammatory cytokines, especially tumor necrosis factor alpha (TNF-α), act as mediators that trigger an imbalance between anabolism and catabolism of articular cartilage [4 , 5] . This devastative effect-driven by TNF-α-was reported to be associated with the activation of 
Research in context
Evidence before this study Histone acetylation balance was reported to play a role in the pathology of OA. P300/CBP-associated factor (PCAF) is a member of the histone acetyltransferases, which exhibits a strong relationship with ER stress and NF-κB signals. However, the relationship between FCAF and OA remains unknown. Salidroside (Sal) as a novel natural compound was found to has anti-inflammatory and anti-apoptotic effects in neurodegenerative diseases according to our previous study. However, the role of Sal in joint degenerative disease such as OA and the underlying mechanism have not been examined.
Added value of this study
PCAF expression was found upregulated in human OA cartilage and TNF-α-driven chondrocytes. Meanwhile, silencing of PCAF by siRNA inhibited the activation of ER stress and NF-κB signals in human chondrocytes. Furthermore, Pharmacological blockade of PCAF by Sal also attenuated NF-κB related inflammatory response and ER stress-related apoptosis in chondrocytes under TNF-α and ameliorated mouse OA develepment.
Implications of all the available evidence
PCAF might participate in the pathology of OA. Sal is a promising therapeutic agent for the treatment of OA. inflammatory cascades and aberrant endoplasmic reticulum (ER) stress [6 , 7] . Moreover, several studies have reported that TNF-α levels are elevated in the synovial fluid, cartilage, and synovium of OA patients [8] [9] [10] .
The inflammatory response stimulated by TNF-α in chondrocytes is closely associated with the nuclear factor kappa B (NF-κB) signaling pathway [6 , 11] . Once stimulated by TNF-α, p65 binds to its specific DNA sequences to initiate a series of inflammatory or catabolic effects [12] . In addition, ER stress, characterized by misfolded and unfolded protein aggregates in the lumen of the ER, is a type of defense mechanism in the cell [13 , 14] . However, exposure to a chronic inflammatory environment would induce aberrant ER stress, which consequently leads to the excessive apoptosis of chondrocytes [7 , 15] .
Histone acetylation balance, which is achieved by the regulation of acetyltransferases and deacetylases, was reported to play a role in the pathology of OA [16 , 17] . Although various histone deacetylases (HDACs), including members of the classical family and SIR2 family, are widely studied as protective factors in OA, studies focusing on acetyltransferases are relatively rare [18] . Nevertheless, p300/CBP-associated factor (PCAF), a member of the histone acetyltransferases (HATs), has been implicated in inflammatory, apoptotic, and metabolic pathways [19] [20] [21] . It was reported that PCAF specifically acetylates the Lys-122 residue of NF-κB, thereby affecting related inflammatory and catabolic gene expression [22] . A previous study also demonstrated that PCAF works as a coactivator of activating transcription factor 4 and is involved in the regulation of C/EBP homologous protein (CHOP) transcription in ER stress mediated by amino-acid starvation [23] . Hence, PCAF exhibits a strong relationship with NF-κB and ER stress signals and targeting it might be a promising therapeutic strategy for OA.
Few small-molecule inhibitors of HATs, especially PCAF, are currently serviceable. A well-recognized class of inhibitors targeting PCAF is the isothiazolones, which are potent but highly toxic to cells [24 , 25] . Also, their reactivity limits their specificity. Interestingly, it has been demonstrated that salidroside (Sal), a phenylpropanoid glycoside extracted from the root of Rhodiola rosea , has an inhibitory effect on histone acetylation [26] . Meanwhile, our previous study showed that the potential anti-inflammatory and anti-apoptotic effects of Sal were associated with the suppression of NF-κB and ER stress signals in lipopolysaccharide (LPS)stimulated microglia cells [27] . However, whether Sal has a protective effect against OA remains unknown, and its relationships to PCAF, NF-κB, and the ER stress pathway should be explored further.
In our study, we investigated the expression levels of PCAF in human degenerative and normal cartilage. We also investigated the potential functional role of PCAF in OA pathology and the underlying molecular mechanisms. In addition, we determined the inhibitory potency of Sal on PCAF, examined its chondro-protective effect, investigated its exact mechanism in TNF-α-stimulated human chondrocytes, and applied it in a surgically-induced OA mouse model.
Materials and methods

Ethics statement
The experimental protocols, animal use, and postoperative animal care procedures were performed in accordance with the guidelines and principles of the Animal Care and Use Committee of Wenzhou Medical University, Wenzhou, China (ethics code: wydw2014-0129).
Reagents and antibodies
The following reagents and antibodies were used in this study: salidroside (C 14 H 20 O 7 , CAS#:10338-51-9, Nanjing, China); recombinant human TNF-α, type II collagenase, and Safranin-O/Fast Green (Sigma-Aldrich, St. Louis, MO, USA).primary antibody against p65(Cat# 59674, RRID:AB_2799570), COX-2(Cat# 12282, RRID:AB_2571729), I κB α(Cat# 4812, RRID:AB_10694416), and XBP-1s (Cat# 12782, RRID:AB_2687943) were purchased from Cell Signaling Technology(Danvers, MA, USA); anti-iNOS (Cat# SAB4502012, RRID:AB_10744871) were bought from Sigma-Aldrich; antibodies against PCAF(Cat# ab110421, RRID:AB_11156343), H3K9ac(Cat# ab4 4 41, RRID:AB_2118292), lamin-B1(Cat# ab22137, RRID:AB_446 813), GAPDH(Cat# ab94 85, RRID:AB_307275), cleaved caspase 3(Cat# ab2302, RRID:AB_302962), cleaved caspase 12(Cat# ab62484, RRID:AB_955729), cytochrome C(Cat# ab133504, RRID:AB_2802115), and cleaved PARP (Cat# ab32064, RRID:AB_777102) were obtained from Abcam (Cambridge, UK). Alexa Fluor 594-and Alexa Fluor 488-labelled anti-rabbit goat immunoglobulin G (H + L) inferior antibody were bought from Jackson Immuno Research (West Grove, PA, USA). Gibco (Carlsbad, CA, USA) provided cell-culture reagents.
Cell culture
Six OA patients provided human OA cartilage samples during surgery for total knee replacement (53-71 years old; Kellgren-Lawrence grade IV; n = 6) (representative X-ray data are presented in Supplementary Fig. S1 ). Control human articular cartilages from six donors with no significant clinical or imaging features of OA were obtained from femoral condyles at autopsy (44-68 years old; Kellgren-Lawrence grade 0; n = 6). For primary human chondrocyte culture, the cartilage was sliced into 1-mm 3 cubes and washed thrice with phosphate buffered saline (PBS).
Subsequently, the cartilage samples were lysed with 0.25% trypsinethylenediaminetetraacetic acid (EDTA) followed by 0.2% collagenase II in Dulbecco's modified Eagle medium/nutrient mixture F12 (DMEM/F12) at 37 °C for 6 h. After washing with PBS and centrifugation, the internal cellular mass was placed in DMEM/F12 with 12% fetal bovine serum. Plates were inoculated at 4 × 10 5 cells/ml, and the cells were cultivated in a moistened environment at 37 °C and 5% CO 2 followed by regular replacement of the medium every other day. To prevent phenotypic feature loss, passage 1-2 chondrocytes were used in western blot and immunofluorescence studies, and passage 2-3 chondrocytes were used in the rest studies. The entire study was approved by the medical ethics committee of the Second Affiliated Hospital of Wenzhou Medical University (number: LCKY-2017-36) and was performed in accordance with the guidelines of the Declaration of Helsinki [28] . Ethics approval is provided in Supplementary File 1. Informed consent was obtained from all participants.
siRNA transfection
Short interfering RNA (siRNA) against the human PCAF gene was designed and synthesized with the following sequence: 5 -AAUCGCCGUGAAGAAAGCGCA-3 (RiboBio, Guangzhou, China). We seeded chondrocytes in six-well plates and cultured them to 60-70% confluence. Cells were then transfected with 50 nM siRNA or negative control with Lipofectamine 20 0 0 for 36 h (Thermo Fisher, Logan, UT, USA) according to the manufacturer's instructions.
Molecular docking
We chose PCAF (PDB ID: 4NSQ) for docking studies [19] . The protein structure was prepared for docking analysis after it was downloaded from the Protein Data Bank ( https://www.rcsb.org/ ). PyMoL (version 1.7.6; https://pymol.org ) produced the least energy conformations with default limits. The analysis of protein-ligand docking with ligand binding flexibility and binding pocket residues was done using AutoDockTools (version 1.5.6; http://autodock. scripps.edu/resources/adt ). Finally, images were generated from Py-MoL files using UCSF Chimera ( https://www.cgl.ucsf.edu/chimera ).
Cell viability
Cell viability was assayed using the Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) following the manufacturer's guidelines. In brief, human OA chondrocytes were cultivated in 96-well plates for 24 h and then pretreated with 0, 1, 5, 10, 40, or 100 μM Sal with or without stimulation by TNF-α (20 ng/ml) for 24 h.
Thereafter, 100 μl of 10% CCK-8 solution was added to each plate, and the plates were incubated at 37 °C for 120 min. A microplate reader (Leica Microsystems, Wetzlar, Germany) was used to evaluate the absorbance of the wells at 450 nm. All experiments were performed six times.
Protein extraction
RIPA lysis buffer was used to isolate whole-cell proteins. Cytoplasmic and nuclear proteins were isolated using a Cytoplasmic and Nuclear Protein Extraction kit (Beyotime, Shanghai, China). The lysates were fragmented using ultra-wave sonication in an ice bath, followed by centrifugation at 4 °C and 12,0 0 0 rpm for 30 min. Histone extraction was performed as described previously. Briefly, the cell sample was lysed in hypotonic lysis buffer (10 mM Tris-HCl, 1.5 mM MgCl 2 , 1 mM KCl, 1 mM phenylmethylsulfonyl fluoride, and 1.3 mM dithiothreitol; pH 8.0) with 10% NP-40. Nuclei were precipitated and subsequently incubated with 0.2 M H 2 SO4 at 4 °C for 120 min. After centrifugation at 4 °C and 16,0 0 0 rpm, 10 0% trichloroacetic acid was added to the precipitated histones, which were then washed twice with ice-cold acetone. Protein concentrations were measured using a BCA protein assay kit (Beyotime).
Western blot analysis
Sodium dodecyl sulfate polyacrylamide gel electrophoresis was used to separate equal amounts of protein (40 μg) . This was followed by protein transfer to polyvinylidene difluoride membranes. After blocking with 5% nonfat milk for 2 h, the membranes were treated with primary antibodies against PCAF (1:500), H3K9ac The next day, the membranes were treated with the corresponding secondary antibodies (1:30 0 0) for 2 h. The bands were detected via enhanced chemiluminescence (ECL) plus reagent (Invitrogen, Carlsbad, CA, USA). Finally, the bands detected via ECL were analyzed using Quantity ONE software (Bio-Rad Laboratories, Hercules, CA, USA). The standard proteins were lamin B and GAPDH.
Analysis of nitric oxide (NO), prostaglandin E2 (PGE2), interleukin (IL)-6, collagen II, aggrecan, matrix metalloproteinase 13 (MMP13), and ADAMTS-5 levels
The Griess reaction was used to determine NO levels in the culture medium, as described previously [29] . Briefly, a 100-μl suspension was treated with an equal volume of Griess reagent. After 10 min, a microplate reader was used to measure the absorbance at 540 nm. Fresh culture medium was used as a blank control. For quantification of PGE2, IL-6, collagen II, MMP13, ADAMTS-5, and aggrecan levels, 100 μl of culture medium supernatant was collected from each sample, and the concentrations of the secreted proteins were measured using enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions.
Immunofluorescence
The chondrocytes were plated on crystal six-well plates and treated with 20 ng/ml TNF-α alone or co-treated with 20 ng/ml TNF-α and 40 μM Sal for 24 h (or for 2 h for p65). Next, the samples were fixed with 4% paraformaldehyde for 30 min, then permeabilized with 0.5% Triton X-100 in PBS for 15 min. Subsequently, the cells were blocked with 5% goat serum for 1 h, then treated with primary antibodies against MMP13 (1:200), p65 (1:200), and collagen II (1:200) at 4 °C overnight. The next day, Alexa Fluor 594-labeled or Alexa Fluor 488-conjugated secondary antibodies (1:400) were used for incubation at room temperature (RT) for 60 min, followed by DAPI labeling for 1 min. The images were captured and analyzed using fluorescence microscopy (Olympus, Tokyo, Japan).
Human and mouse cartilage tissues were fixed in 4% (v/v) neutral paraformaldehyde for 24 h, followed by a 1-month decalcification with neutral 10% (v/v) EDTA. After dehydration and embedding in paraffin, the tissues were sectioned with a thickness of 5 μm. The paraffin was removed from the sagittal sections using xylene, then the sections were moistened by numerous washes in ethanol for immunofluorescence staining. Sections were treated with 10% bovine serum albumin (BSA) for 1 h in PBS with 0.1% Triton X-100 (PBST). Sections were then incubated with the anti-PCAF (1:100) primary antibodies overnight at 4 °C in PBST. Next, sections were washed in PBST four times for 10 min, then incubated with Alexa Fluor 488-labeled goat anti-rabbit secondary antibody at RT for 1 h. Sections were incubated with pure DAPI for 10 min and covered with cover slips. Five fields of each slide (six slides in each group) were randomly selected and analyzed under a fluorescence microscope by an examiner who was unaware of the group allocations.
TUNEL staining
After chondrocytes or cartilage sections were fixed, TUNEL staining was carried out using an In Situ Cell Death Detection kit (Roche, Basel, Switzerland) according to the manufacturer's instructions in a dark, humidified room. Next, DAPI was used to stain the cell nuclei. Positive staining of DNA strand breaks in apoptotic cells was detected under a fluorescence microscope.
Transmission electron microscopy (TEM)
Human OA chondrocytes were infiltrated with 2.5% glutaraldehyde overnight. The next day, cells were fixed in 2% osmium tetroxide for 1 h, then treated with 2% uranyl acetate for 60 min. After dehydration with acetone, samples were embedded in araldite and sliced into semi-thin sections. Subsequently, toluidine blue was used to stain slices to locate cell positions, and TEM (Hitachi, Tokyo, Japan) was used for observation.
Mouse model of OA
Sixty 10-week-old C57BL/6 male wild-type mice were purchased from the Animal Center of the Chinese Academy of Sciences, Shanghai, China. OA was induced by conventional surgery (destabilization of the medial meniscus; DMM), as described previously [30] . Briefly, mice were intraperitoneally injected with 2% (w/v) pentobarbital (40 mg/kg), then an experienced surgeon incised the joint capsule of the right knee medial to the patellar tendon and transected the medial meniscotibial ligament using microsurgical techniques. The left knee joint was used as the sham group, which underwent an arthrotomy only. After surgery, the mice were randomly divided into three groups: the sham group, DMM group, and Sal treatment group. The salidroside group received the drug at 25 mg/kg/d everyday [31] . The sham group and DMM group received a volume of saline equal to that administered to the salidroside group. Animals were subjected to X-ray imaging of the knee joint at 8 weeks after knee surgery. The mice were then sacrificed, and knee joint specimens were gathered for the following experiments.
Histopathological analysis
Sections of human or mouse cartilage (5 μm thick) were stained with hematoxylin and eosin (H&E) or Safranin O/Fast Green (S-O) to evaluate cartilage degeneration. The histological assessment was performed blindly by experienced researchers according to the Osteoarthritis Research Society International (OARSI) scoring system [32] . The severity of synovitis was graded using a previously described scoring system [33] -synovial coating cell layer expansion was graded using a Likert scale of 0-3 (0: 1-2 cells; 1: 2-4 cells; 2: 4-9 cells; and 3: > 10 cells), and synovial stroma cell compactness was graded using a Likert scale of 0-3 (0: typical cellularity; 1: slightly increased cellularity; 2: moderately enlarged cellularity; and 3: greatly enlarged cellularity).
Immunohistochemical analysis
Following dehydration and embedding in paraffin, the tissues were sectioned with a thickness of 5 μm. For immunohistochemical analysis, xylene was used for deparaffinization, and ethanol was used for rehydration. Subsequently, the sections were blocked with 3% hydrogen peroxide and then treated with 0.4% pepsin for 20 min in 5 mM HCl at 37 °C for antigen recovery. Next, the sections were incubated with 10% BSA for 30 min, followed by incubation with primary antibody (anti-collagen II, 1:200; anti-MMP13, 1:200) overnight at 4 °C. The next day, the sections were treated with the corresponding secondary antibodies (Santa Cruz Biotechnology, Dallas, TX, USA) and counterstained with hematoxylin. Image-Pro Plus software (version 6.0; Media Cybernetics, Rockville, MD, USA) was used for analysis. Five fields of each slide (six slides in each group) were selected randomly and captured under a fluorescence microscope to count inducible NO synthase (iNOS)-positive cells.
Statistical analysis
The experiments were done for 6 biological replicates and 3 technical replicates. Outcomes are presented as the means ± standard deviations (SDs). Statistical analyses were performed using SPSS statistical software (version 20.0; IBM Corporation, Armonk, NY, USA). The variance of two or more groups was analyzed using one-way analysis of variance followed by Tukey's test. Nonparametric data were analyzed using the Kruskal-Wallis H test. A P -value < 0.05 indicated statistical significance.
Results
PCAF expression was up-regulated in human degenerative
cartilage and TNF-α-stimulated chondrocytes PCAF immunofluorescence staining and western blot analysis were performed to investigate the association between PCAF levels and OA in patients. Histology revealed that OA cartilage exhibited surface erosion and apparent hypocellularity ( Fig. 1 (A) ). PCAF immunofluorescence revealed that there was a higher expression of PCAF in the cartilage from OA patients ( Fig. 1 (B) ), and western blot analysis indicated that there were increased levels of PCAF and H3K9ac in the chondrocytes taken from OA subjects compared to those from the control group ( Fig. 1 (C) and (D) ). Meanwhile, based on western blot analysis, we found that TNF-α induced higher expression of PCAF and acetylation on histone H3 lysine 9 (H3K9ac) in human chondrocytes ( Fig. 1 (E) and (F)). 
PCAF silencing inhibited TNF-α-induced activation of nuclear p65 and CHOP expression
PCAF silencing was performed using PCAF siRNA transfection, and western blotting confirmed that PCAF expression was markedly reduced. Compared to cells treated with control siRNA under TNF-α stimulation, PCAF siRNA decreased H3K9ac, nuclear p65, and CHOP levels ( Fig. 2 (A) and (B) ).
Sal specifically inhibited PCAF expression in TNF-α-stimulated human chondrocytes
The crystal structure of PCAF in a complex with coenzyme A has been published previously [34] . Using this structure, docking studies were performed to propose a possible binding mode for Sal. We found that Sal formed several favorable connections and docked nicely within the inhibitory binding site of PCAF. Fig. 3 (A) shows a space-filling model that directly illustrates the coverage of Sal in the protein structure of PCAF. As calculated using AutoDock-Tools, Sal has a high affinity of −7.01 kcal/mol for PCAF. Meanwhile, local interactions of protein residues were visualized using a ribbon model. Important hydrogen bonds were formed between Sal and Val582 and Cys574 of PCAF. Furthermore, the 2-D view shows that several hydrophobic bonds exist between Sal and Try616, Gly586, Gly584, Thr587, and Lys583.
The CCK-8 assay was performed to determine the potential cytotoxic effects of Sal on chondrocytes. As shown in Fig. 3 (B) and (C), Sal had a cell proliferative effect on human OA chondrocytes to various extents within the dose range of 5-100 μM, with the effect peaking at 40 μM. At the same time, dose-dependent pretreatment of Sal under these concentrations reversed TNF-α-induced cytotoxicity. In addition, as revealed by western blot analysis, both the increased expression of PCAF and acetylation of H3K9 in chondrocytes induced by TNF-α were inhibited by Sal pretreatment in a dose-dependent manner ( Fig. 3 (D) and (E)).
Pharmacological blockade of PCAF regulated the expression of extracellular matrix (ECM) proteins in human OA chondrocytes
To evaluate the degeneration of chondrocyte better, we detected the major ECM protein (collagen II and aggrecan) and ECM degrading enzymes (Mmp13 and Adamts5) of the chondrocyte by using ELISA and immunofluorescence. As shown in Fig. 4 in a dose-dependent manner (5, 10, and 40 μM). Additionally, immunofluorescence staining revealed that the expression of collagen II was higher, and that of MMP13 proteins was lower in the Sal-pretreated group, which was consistent with the ELISA results ( Fig. 4 (E) and (F) ). Therefore, Sal exhibits a protective effect by regulating ECM expression under TNF-α treatment.
Pharmacological blockade of PCAF ameliorated TNF-α-induced inflammatory response and ER stress-related apoptosis in human chondrocytes
To examine the effect of Sal-mediated PCAF inhibition in the TNF-α-induced inflammatory response in human chondrocytes and explore the potential mechanism, we first assessed the expression of NO, PGE2, and IL-6 in TNF-α-treated human OA chondrocytes in the presence or absence of Sal. As shown in Fig. 5 (A)-(C) , the re-sults indicated that TNF-α increased the production of NO, PGE2, and IL-6 significantly in chondrocytes compared to the control.
Nevertheless, Sal dose-dependently inhibited TNF-α-induced NO, PGE2, and IL-6 expression. Next, we evaluated the effects of Sal on iNOS and COX-2 expression. Based on western blot results, Sal inhibited the up-regulation of TNF-α-induced protein expression of iNOS and COX-2 in a dose-dependent manner ( Fig. 5 (D) and (E)).
TNF-α-induced inflammation is mainly precipitated by the role of NF-κB. Mechanistically, the activation of NF-κB signaling was examined using western blotting and immunofluorescence. Western blot analysis revealed that TNF-α significantly stimulated I κB α degradation and caused the translocation of p65 into the nucleus; nevertheless, these effects induced by TNF-α were markedly restrained by Sal pretreatment in a dose-dependent manner ( Fig. 5 (F) and (G)). The immunofluorescence evaluation also revealed that p65 was translocated following NF-κB stimulation in TNF-α- induced chondrocytes. The p65-active proteins were found mainly in the cytosol of the control group. Meanwhile, in the TNF-αtreated group, the p65-active proteins underwent dramatic movement from the cytosol to the nucleus. However, Sal alleviated the translocation of p65 ( Fig. 5 (H) ).
To evaluate whether ER stress-related apoptosis is attenuated by Sal-induced PCAF inhibition, we investigated DNA damage using TUNEL staining and cleaved caspase 3 and PARP levels us-ing western blotting. First, the apoptotic incidence detected using the TUNEL assay demonstrated that the apoptosis rates in Saltreated nucleus pulposus cells were dramatically reduced ( Fig. 6 (A)  and (B) ). At the same time, western blot analysis revealed that Sal dose-dependently inhibited TNF-α-induced cleavage of caspase 3 and PARP ( Fig. 6 (C) and (D) ). Second, a significant increase in ER stress-related proteins such as X-box binding protein 1S (XBP-1S), CHOP, cleaved caspase 12, and cytochrome C could also be The levels of cleaved caspase 3 and cleaved PARP in chondrocytes pretreated with Sal at different concentrations and stimulated with 20 ng/ml TNF-α. (E, F) The levels of XBP-1S, CHOP, cleaved caspase 12, and cytochrome C in chondrocytes pretreated with Sal at different concentrations and stimulated with 20 ng/ml TNF-α. (G) Electron microscopy images of chondrocytes exposed to stimulation with 20 ng/ml TNF-α with or without pretreatment with 40 μM Sal. All results are presented as the means ± SDs of six duplicate experiments. ## P < 0.01 compared to the control group; * P < 0.05, * * P < 0.01 compared to the TNF-α alone group. detected after TNF-α incubation, whereas Sal markedly inhibited this increase in a dose-dependent manner ( Fig. 6 (E) and (F) ). In addition, the results of TEM showed similar changes. Compared to the control group, our results revealed that the ER in TNF-αstimulated chondrocytes were more dilated and abundant. Meanwhile, these morphological changes were not observed in cells pretreated with Sal, confirming the results of the immunoblotting analysis ( Fig. 6 (G) ).
Sal ameliorated OA development in mice in vivo
To determine the potential therapeutic effects of Sal on the induction and progression of OA in vivo , a surgically-induced DMM mouse model of OA was established. X-ray analysis revealed severe narrowing of joint space and greater calcification of cartilage surfaces in the DMM group than in the control. Nevertheless, these joint lesions (narrowing and calcification) were milder in the Saltreated group ( Fig. 7 (A) ). As revealed by S-O staining, the DMM mice exhibited superficial cartilage fibrillation, reduction of cartilage thickness, and massive proteoglycan loss, especially on the femur. Notably, the Sal-treated group exhibited richer proteoglycan content and less cartilage destruction compared to the DMM group ( Fig. 7 (B) ). The OARSI score of the DMM group was obviously higher (8.60 ± 1.58) than that of the control (0.80 ± 0.65), whereas the Sal-treated group had markedly lower OARSI scores (5.93 ± 1.52) compared to the OA group ( Fig. 7 (C) ). Synovial thick-ening and hypercellularity were also observed in the OA group, whereas Sal treatment alleviated synovitis compared to the OA group (Control 1.00 ± 0.63 vs. DMM 4.27 ± 0.99 vs. DMM + Sal 2.93 ± 1.18; all P < 0.01; Fig. 6 (D) and (E)). Taken together, these data suggest that Sal may play an important role in attenuating OA development.
Sal decreased PCAF expression, apoptosis, and inflammation in the mouse OA model
To investigate the underlying mechanism of the chondroprotective effects of Sal in vivo , we performed immunofluorescence staining of PCAF, TUNEL staining, and immunohistochemical staining of iNOS. The cartilage in the DMM group exhibited higher PCAF expression compared to the control group ( Fig. 8 (A) and (B) ). Meanwhile, elevated iNOS ( Fig. 7 (E) and (F)) as well as TUNEL positive points ( Fig. 8 (C) and (D)) were also observed in the DMM group. Sal treatment significantly decreased the abundance of these stained proteins ( Fig. 8 ).
Discussion
OA is a complex process of joint degeneration that is regulated by multiple factors, such as inflammatory mediators, mechanical forces, and transcriptional regulators [35] . Several epigenetic alterations, including the acetylation, methylation, ubiquitination, and phosphorylation of histone, have been shown to play important roles in the pathogenesis of OA [16 , 18 , 36 , 37] . Among them, the acetylation balance of histone mediated by HATs and HDACs is associated with the activation and inhibition of gene transcription in chondrocyte homeostasis [18] . For example, p300/CBP-induced histone acetylation leads to transcriptional activation of SOX9, a key regulator responsible for expression of the type II collagen gene (COL2A1) [38 , 39] . HDAC1 and HDAC2 were also reported to inhibit the expression of cartilage-specific genes in human chondrocytes [18] . Moreover, PCAF, as a member of the GCN5-related Nacetyltransferases targeting the acetylation of histone H3K9, was shown to be involved in the development of neurodegenerative disease [40] [41] [42] . However, its role in joint degenerative diseases such as OA is still unclear. In the present study, we found that the expression level of PCAF was significantly higher in OA cartilage and TNF-α-induced human chondrocytes, which subsequently promoted the acetylation of histone H3K9, indicating that aberrant acetylation mediated by PCAF contributes to the pathogenesis of OA.
IL-1 β, IL-6, and TNF-α are the major proinflammatory cytokines in OA [15] . In particular, TNF-α is widely referred to as an effective stimulant, and enhanced production of NF-κB mediates an inflammatory response and ER stress-induced apoptosis in chondrocytes [7 , 11 , 12 , 15] . Both pathways play critical roles in OA development. In our present study, silencing PCAF not only dramatically decreased nuclear p65 levels but also inhibited CHOP (an ER stress marker) expression in TNF-α-stimulated chondrocytes. Therefore, the mechanism by which PCAF modulates OA may involve the inactivation of NF-κB and ER stress signals. This is in accord with previous studies carried out using a β-amyloidmediated Alzheimer's disease model and high-glucose-stimulated pancreatic beta cells [23 , 42] .
Currently, there are still few efficacious drugs for OA therapy, and side effects have made most drug candidates undesirable [43] . Thus, a variety of natural products have emerged as milder options for the treatment of OA in recent years [44 , 45] . Recent studies showed that salidroside (Sal) could protects against apoptosis and inflammatory response in chondrocytes via inhibition of NF-κB activation and Phosphatidylinositol 3-Kinases (PI3K)/Akt Signaling [46] [47] [48] . However, the effect of Sal on osteoarthritis in vivo and the underlying mechanisms remains unclear. Numerous lines of evidence indicate that HATs may play positive roles as novel drug targets for the treatment of diseases related to inflammation and cell death [18 , 23 , 42] . The natural compound Sal is a starting point for the development of small-molecule inhibitors of histone acetylation [26] . To optimize its inhibitory potency on PCAF, a binding model for PCAF inhibition by Sal was proposed. The crystal structure of PCAF was downloaded from PDB which is in complex with coenzyme A (CoA) [49] . As previous study reported that the histone acetyltransferase activity of PCAF is stabilized by CoA as well as Acetyl-CoA, and the presence of CoA help to protects PCAF from proteolytic degradation [50] . Thus the binding site between CoA and PCAF was recognized as an inhibitory pockets for drug design since the structural stability would be decreased when the small molecule occupied this site. In our study, similarly, the inhibitory site of PCAF was the structural domain in which CoA bind with PCAF. This domain contains lots of amino acid residues such as Val582, Cys574, Try616, Gly584, Thr587 and Lys583, which were the main binding sites between salidroside and PCAF according to our results. The results indicated that Sal can directly occupy its inhibitory binding pocket, which was consistent with western blot results ( Fig. 3 (D) ), suggesting that Sal is an effective inhibitor of PCAF. Additionally, our previous study demonstrated that Sal exerts anti-inflammatory and anti-apoptotic effects through the inhibition of NF-κB and ER stress cascades in LPS-stimulated microglia cells. Therefore, we further examined whether Sal-induced PCAF-inhibition could protect chondrocytes from TNF-α-mediated catabolism and whether the potential molecular mechanisms involved were related to the attenuation of inflammation and ER stress-associated apoptosis.
Multiple studies have found that PCAF is involved in the development of pancreatitis, arteriogenesis, and liver and renal injury, as PCAF plays an indispensable role in inflammation [51] [52] [53] . For example, the down-regulation of PCAF by miR-181a/b provides negative feedback regulation to TNF-α-induced inflammatory reaction in liver epithelial cells [53] . Meanwhile, it is well recognized that p300/CBP and PCAF are transcriptional coactivators of NF-κB signaling. PCAF mediated acetylation of Lys-122 residue of NF-κB and the NF-κB pathway is of vital importance in the development of OA as it elicits inflammation that causes matrix degradation [19 , 54] . NF-κB signaling participates in the production of inflammatory mediators, including NO and PGE2, which are both core inflammatory mediators in the pathogenesis of OA and are generated by iNOS and COX-2, respectively [55 , 56] . These mediators contribute to MMP and ADAMTS secretion, leading to the degradation of the ECM [57] . In this study, we demonstrated that the salidroside occupied the inhibitory pockets and the acetylating ability and expression level of PCAF would be decreased due to the loss of structural stability. Meanwhile pharmacological inhibition of PCAF by Sal can specifically inhibit inflammatory mediator secretion via interaction with the NF-κB pathway.
In addition to its positive role in anti-inflammatory effects, PCAF also participates in the regulation of cell growth, ER stress, and mitosis [58] . It has been shown that PCAF binds to XBP-1S, an important regulator inducing ER stress cascade processes, including cellular unfolded protein response, integrated stress response, and ER-associated death [23] . ER stress has been wellrecognized as one of the most significant factors in the process of OA pathogenesis [59] . Moderate ER stress is an adaptive protective process in chondrocytes, but malfunction in the ER resulting from excessive ER stress can lead to cellular dysfunction. Excessive ER stress initiates the cleavage of caspase 12 and finally induces cell apoptosis [13] . CHOP acts as a canonical marker of ER stress [59] . In our study, pharmacological inhibition of PCAF by Sal significantly reduced the levels of CHOP and cleaved caspase, indicating that Sal-mediated PCAF inhibition attenuates TNF-α-induced ER stress. In addition, aberrant ER stress leads to the activation of a series of caspases and PARP, followed by further DNA damage. Our results demonstrated that Sal administration markedly decreased chondrocytes apoptosis and levels of cleaved caspase 3 and cleaved PARP, which were up-regulated by TNF-α treatment. These results indicate that pharmacological inhibition of PCAF by Sal ameliorates apoptosis in chondrocytes by stabilizing excessive ER stress.
OA progression involves the loss of proteoglycans on the cartilage surface, calcification changes, chondrocyte apoptosis, and synovitis [1 , 44] . To characterize the specific functions of Sal-mediated PCAF inhibition in OA in vivo , a DMM mouse model was established. We found that Sal significantly reduced OARSI scores, subchondral thickness, and severity scores of synovitis in DMM mice. In addition, the Sal-reduced apoptosis and decreased levels of iNOS were consistent with the inhibition of PCAF expression, indicating that this a potential mechanism underlying the pharmacological inhibition of PCAF by Sal in vivo .
Our study has some limitations. Firstly, studies showed that chondrocytes undergo a process of dedifferentiation in monolayer culture that is characterized by a transition to a fibroblast-like phenotype [60] . Thus in order to prevent phenotypic feature loss, passage 1-3 chondrocytes were used in our most studies.3D culture may offer a possible way to the maintenance of cartilaginous gene expression on extracellular matrix [61] , which would be applied for our further study. Secondly, Destabilization of medial meniscus (DMM) model is used in our study, which is also the most commonly used surgical model for OA in mice currently. However, the mice used are always young and postsurgical healing responses and inability to rigorously control the mechanical loading environment within the affected joint may complicate the situation [62] . As OA is a multifactorial disease, different models (mechanical loading models; spontaneous and genetic models; high-fat dietary and/or obesity models) have their respective advantages in exploring individual aspects of the disease, more models could be used in our further study.
In summary, our findings demonstrate that PCAF is an essential regulator for chondrocyte homeostasis and OA development, and specifically, the inhibition of PCAF expression via Sal administration may provide a promising therapeutic strategy for OA treatment.
